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Lower stratospheric temperaturediffer encesbetween
meteorologicalanalysesin two cold Ar ctic winters and their
impact on polar processingstudies
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Abstract. A quantitative comparisonof six meteorological analysesis presented
for thecold 1999-2000and1995-1996 Arctic winters. Usingdifferent analyzed
datasetsto obtain temperaturesandtemperature historiescanhave significant
consequences.The areawith temperaturesbelow a polar stratosphericcloud
(PSC)formation thresholdcommonlyvaries by � 25% betweenthe analyses,
with somedifferencesover 50%. Biasesbetween analysesvary from year to
year;in January2000,Met Office analyseswerecoldestandNationalCenters for
EnvironmentalPrediction (NCEP)analyseswarmest,while NCEPanalyseswere
usuallycoldestin 1995-1996andNCEP/NationalCenterfor AtmosphericResearch
Reanalysis(REAN) usuallywarmest.FreieUniversiẗat Berlin analysesareoften
colder thanothersat T �� 205 K. EuropeanCentrefor Medium-RangeWeather
Forecasts(ECMWF) temperaturesagreed better with otheranalysesin 1999-2000,
after improvementsin theassimilation system, thanin 1995-1996. Temperature
historycasestudiesshow substantial differencesusingMet Office,NCEP, REAN,
ECMWF, andNASA DataAssimilationOffice (DAO) analyses.In January2000
(whena large cold region wascentered in the polar vortex), all analysesgave
qualitatively similar results.However, in February2000(a muchwarmerperiod)
andin JanuaryandFebruary1996(comparablycold to January2000but with the
cold region nearthepolarvortex edge),distributionsof “potentialPSClifetimes”
andtotal time spentbelow a PSCformationthresholdvariedsignificantlybetween
theanalyses.Largestpeaksin “PSClifetime” distributionsin January2000wereat
4-6and11-14dayswhile in 1996,they wereat 1-3days.Different meteorological
conditionsin comparablycoldwintershavea largeimpactonexpectationsfor PSC
formation andon the effects of discrepanciesbetweendifferent meteorological
analyses.Met Office, NCEP, REAN, ECMWF, andDAO analysesarecommonly
usedin modelingpolarprocesses;thechoiceof analysiscanstronglyinfluencethe
resultsof suchstudies.
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1. Intr oduction

The joint SAGE III Ozone Loss and Validation Ex-
perimentandThird EuropeanStratosphericExperimenton
Ozone2000(SOLVE/THESEO 2000)wereconducteddur-
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ing the1999-2000Arctic winter to investigateprocessesin-
volvedin Arctic ozoneloss.The1999-2000winter wasone
of thecoldeston record,comparablein recentyearsonly to
1995-1996[e.g.,Manney and Sabutis, 2000;Davieset al.,
2001]. Thereis evidencefor substantialozonelossin both
winters [e.g., Manney et al., 1996a;Santeeet al., 2000],
andfor widespreaddenitrificationin 1999-2000[e.g.,Santee
et al., 2000]. Numerousstudiesof polarprocesses, includ-
ing polar stratosphericcloud (PSC)formation, denitrifica-
tion andozoneloss,have beenandarebeingconductedfor
the 1995-1996and, especially, the 1999-2000Arctic win-
ters [e.g., Newman et al., 2001]. PSCformation, compo-
sition, and the potential for denitrificationall dependcrit-
ically on temperature;chlorine activation and subsequent
ozonelossarein turnstronglydependenton thoseprocesses
[e.g.,World Meteorological Organization, 1999,andrefer-
encestherein].

While many instrumentsmadelocal temperaturemea-
surementsduringSOLVE/THESEO 2000,polarprocessing
studiesfrequently require large-scalemeteorologicalanal-
yses. The most commonly usedproductsfor polar pro-
cessstudieshave beenthosefrom the US National Cen-
ters for EnvironmentalPrediction/ClimatePredictionCen-
ter (NCEP),the U.K. Met Office, the NCEP/NationalCen-
ter for AtmosphericResearch(NCAR) Reanalysis Project
(REAN), the NASA DataAssimilationOffice (DAO), and
theEuropeanCentrefor Medium-RangeWeatherForecasts
(ECMWF); also, temperaturesandgeopotentialheightson
a few levels in thelower stratosphereareproduceddaily by
theFreieUniversiẗatBerlin (FUB). Windsfrom theMet Of-
fice,REAN, DAO, andECMWF data,andwindscalculated
from theNCEPdata,arecommonlyusedto drive transport
modelsandtrajectorycalculationsfor polarprocessstudies.

Several studieshave comparedsubsetsof the analyses
listedaboveor comparedoneor moreof themwith otherlo-
cal temperaturedatasets.Manney et al. [1996b] foundthat
NCEPtemperatureswereconsistentlycloserto radiosonde
temperaturesandlower thanthosefrom theMet Office dur-
ing the 1991-1992and 1994-1995Arctic winters. Knud-
sen [1996], Knudsenet al. [1996], and Pullen and Jones
[1997] foundsimilar warmbiasesin ECMWF andMet Of-
fice temperatureswith respectto sondesandotherballoon
observationsin several Arctic winters.Pawsonet al. [1999]
comparedtemperaturesfrom the FUB datawith thosede-
rived from geopotentialheights from the TIROS Opera-
tional Vertical Sounding(TOVS) system,andshowed that
the FUB temperaturesweregenerallylower, but with large
dispersionaroundthemeandifference.Manney andSabutis
[2000]showedthatMet Officeminimumtemperatureswere
lower thanthosefrom NCEPin January2000.Davieset al.
[2001] found that in cold regionsMet Office temperatures

werelower thanECMWF temperaturesin January2000but
higher in February2000. They alsoshowed that chemical
transportmodel(CTM) runsdrivenwith ECMWF andMet
Officefieldsproducedsignificantlydifferentpatternsof den-
itrification, chlorineactivation,andozoneloss.

During SOLVE/THESEO2000,someanalysedtempera-
tureshave beencomparedwith in situ, balloon,andsonde
measurements.B. M. Knudsenet al. (“Accuracy of ana-
lyzed stratospherictemperaturesin the winter Arctic vor-
tex from infraredMontgolfier long durationballoonflights.
Part II: Results”, submittedto Journal of GeophysicalRe-
search - Atmospheres, hereinafterKnudsenet al., submitted
manuscript)comparedtemperaturesfrom ECMWF, Met Of-
fice,NCEP, REAN andDAO analyseswith thosefrom long-
durationballoonflightsduringSOLVE/THESEO2000;they
foundthattheNCEP, REAN, andMet Officedatahadlarger
scatteraroundtheballoonvaluesthantheECMWFdata,and
thatMet Office,REAN,andNCEPdatahadacoldbiaswith
respectto balloonmeasurementsat high temperatures,and
a warm biasat low temperatures.Bevilacquaet al. [2001]
comparedMet Office data with high-latituderadiosondes
from November 1999throughJanuary2001andfoundlarger
individual differenceslater in the season,but no clearsys-
tematicor time-varyingbias.Daviesetal. [2001]notedthat
Met OfficeJanuarytemperatureswerelowerthanthosefrom
radiosondesat somestationsin the high Arctic. S. Pawson
et al. (“Stratosphericanalysisandforecastingin the North-
ern winter of 1999/2000:The NASA DAO’s GEOS-3sys-
tem”, submittedto Journal of GeophysicalResearch - At-
mospheres, hereinafterPawsonetal.,submittedmanuscript)
comparedDAO analyseswith radiosondesand with data
from the MeteorologicalMeasurementSystem(MMS) on
NASA’s ER-2aircraft. They found theDAO analysesto be
generallyslightly colderthanradiosondesin thelowerstrat-
osphere(but with geographicalvariationsin thesignof the
bias),andto have a small ( �� 1 K) warmbiaswith respectto
MMS temperatures.S.Bussetal. (“Arctic stratospherictem-
peraturein thewinters1999/2000and2000/2001:A quanti-
tative assessmentandmicrophysical implications”, submit-
tedto Journalof GeophysicalResearch - Atmospheres) com-
paredECMWF andMet Office temperatureswith radioson-
desandMMS observations,andfound thatwhile ECMWF
hadoverall smallerbiases,Met Office analysescapturedthe
lowest temperaturesbetter. J. Burris et al. (“Validation of
temperaturemeasurementsfrom theAirborneRamanOzone
TemperatureandAerosolLidar duringSOLVE”, submitted
to Journal of GeophysicalResearch - Atmospheres) com-
paredAirborneRamanOzoneTemperatureandAerosolLi-
dartemperatureswith MetOffice,DAO,andREANanalyses
in December1999andfounddifferences�� 1 K below 25km.
Theseand future studiescomparingtemperatureanalyses
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with measurementswill behelpful in assessingtheaccuracy
of an analysisfor specificperiodsandlocations.However,
becausemost polar processingstudiesrequire large-scale
analyses,becausemany processes in suchstudiesdependso
critically ontemperature(especially“threshold”phenomena
suchasPSCformation),andbecauseit is inherentlydiffi-
cult to quantifytheuncertaintiesin themeteorologicalanal-
yses,it is alsovery importantto assess theimpactonmodel-
ing studiesof thedifferentmeteorologicalanalysesusedfor
modelinput.

In the following, we comparetemperaturesfrom all of
thecommonly-usedmeteorologicalanalysesfor thecoldand
much-studied1999-2000and1995-1996Arctic winters.We
focuson comparisonsof low temperaturesthatarerelevant
to PSCformationandchemicalozoneloss.Wealsoexamine
temperaturehistoriesalong trajectoriesto explore in more
detail how differencesbetweentheanalysesmayaffect po-
lar processingstudies.In comparinganalysesandtempera-
turehistorydifferencesbetween1995-1996and1999-2000,
we show how differentoverall meteorologicalconditionsin
comparablycold wintersmay impactbothpolarprocessing
andtheagreementbetweenmeteorologicaldatasets.

2. Data and Analysis

2.1. Data

A brief descriptionof the analysissystemscompared
here,includingkey references,is givenbelow.

2.1.1. Met Office Data. TheMet Office dataarefrom
thetroposphere-stratospheredataassimilationsystemdevel-
opedfor theUpperAtmosphereResearchSatellite(UARS)
project [Swinbankand O’Neill, 1994], andhave beenpro-
ducedsinceOctober1991.Theassimilationusesananalysis-
correctionschemeasdescribedby Lorencetal. [1991]. The
model upon which the Met Office assimilations are based
usesa hybrid vertical coordinate,changingfrom a terrain-
following coordinatein thetroposphereto apressurecoordi-
natein thestratosphere,with verticalresolutionof � 1.6km
in the stratosphere. Satellite data used in the Met Of-
fice assimilationsareNationalEnvironmentalSatelliteData
andInformationService(NESDIS)layer-meantemperatures
from theTOVSsoundersontheNationalOceanicandAtmo-
sphericAdministration(NOAA)’ s TIROS-Nseriesof satel-
lites. The Met Office data(three-dimensionalwinds, tem-
perature,and geopotentialheight) are suppliedonce-daily
at 12UT on a 2.5� latitudeby 3.75� longitudegrid, andat
UARS pressurelevels (6 levels per decadein pressure)be-
tween1000and0.3 hPa ( � 2.5 km verticalspacing).There
werenomajorchangesin theMet Officeassimilationsystem
between1995-1996and1999-2000.However, erroneoustop
level ozonedatawerein usein 1999-2000,resultingin large

decreasesin upperstratospherictemperatures;comparisons
with analysesfrom the new three-dimensionalvariational
(3D-Var) assimilationsystem[Lorencet al., 2000] that be-
cameoperationalin late2000,andwith Met Officeanalyses
beforethe error was introducedsuggestthat the erroneous
top level ozonecouldalsoaccountfor asystematicdecrease
of � 1 K in lower stratospherictemperatures.

2.1.2. NCEP Data. TheNCEP/CPCobjectiveanalysis
systemis a modifiedCressmananalysisfor pressurelevels
70,50,30,10,5,2,1,and0.4hPa[Finger etal., 1965,1993;
Gelmanet al., 1986,1994]; theseanalyseshave beenavail-
ablesinceJune1979.Theanalysesin theupperstratosphere
arebasedon TOVS andRevisedTOVS (RTOVS) data;at
and below 10 hPa, radiosondedataare also used. Analy-
sesat andbelow 100hPa arefrom thetroposphericanalysis
andforecastcycle [Derberet al., 1991],which directly as-
similatesradiancesfrom theTOVS instruments[Derberand
Wu, 1998;McNally et al., 2000]. The NCEPdataarepro-
vided oncea day at 12UT on a 65 � 65 polar stereographic
grid for eachhemisphere;for theanalysesshown here,these
have beeninterpolatedto a 2.5� � 5� latitude/longitudegrid.
Horizontalwinds arecalculatedfrom the NCEPgeopoten-
tial heightsusinga form of theprimitive equationsthatne-
glectstheverticaladvectionandtime tendency terms[Ran-
del, 1987;Newmanetal., 1989].Severalchangesweremade
in the satellitedatainputs to the NCEP objective analysis
systembetween1995-1996and1999-2000;differencesin-
troducedby thesechangesaretypically smallerthan1 K be-
low 10 hPa.

2.1.3. NCEP/NCAR ReanalysisData. TheNCEP/NCAR
50-year reanalysisproject is describedby Kalnay et al.
[1996]andKistler etal. [2001],andis basedonaversionof
the3D-Varschemeusedin NCEP’soperationalforecastsys-
tem. This includesa spectralmodelat T62, with 28 sigma
levels in the vertical, and coarsevertical resolutionin the
lower stratosphere.The assimilationsystemhasbeencon-
stant(althoughthe inputs have changed)during the entire
periodof thereanalysis.After 1978,theNESDISretrievals
of TOVS/RTOVS data were included. The REAN data,
including winds, temperatureand geopotentialheight, are
availableat17pressurelevelsbetween1000and10hPa(in-
cluding100,70,50,30,20,and10hPa),ona2.5� � 2.5� lati-
tude/longitudegrid. They areavailableasboth4 timesdaily
and daily averagefiles. Trenberthand Stepaniak[2001]
noteda pathologicalproblemin REAN datain the strato-
spherethat affectsprimarily the wind fields over steepto-
pography; althoughstrongesteffectsareover theAndes,the
topography of Greenlandis large enoughthat sucheffects
mightbepresentin Arctic winter(K. Trenberth,privatecom-
munication).In March1997,a problemwith filtering of the
TOVS datawasintroduced,which resultedin global mean
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temperatureincreasesnear100hPa; this problemmayhave
hadsomeimpacton thelower stratosphericwindsandtem-
peraturesusedherefor 1999-2000. The REAN dataafter
March1997arebeingrerun;preliminaryresultsindicatethat
30 hPa Arctic temperaturesaveragedover Januarythrough
March2000areup to � 1 K lower in thecorrecteddatathan
in theREAN datausedhere.

2.1.4. Freie Universität Berlin Data. The FreieUni-
versiẗat Berlin dataarefrom a subjective analysisbasedon
radiosondedataand have beenproducedsinceJuly 1964;
thicknessesfrom satellitesareutilized over data-sparsear-
eas[Pawsonand Naujokat, 1999]. FUB temperaturesand
geopotentialheightsareavailableoncedaily at 00UT on a
5� � 5� latitude/longitudegrid for the northernhemisphere,
at 50,30,and10 hPa. Sincethesedataareavailableonly on
threelevels, they areusedonly in comparisonsof tempera-
tureson thoseindividual levels. The FUB analysissystem
did notchangebetween1995-1996and1999-2000.

2.1.5. ECMWF Data. ECMWF assimilationsystems
have producedanalysesincluding the lower stratosphere
operationallysince August 1979. The ECMWF analysis
systemwasconsiderablychangedbetween1995-1996and
1999-2000. The model usesa hybrid vertical coordinate,
changingfrom a terrain-following coordinatein the tropo-
sphereto a pressurecoordinatein the stratosphere.A 31-
level versionwasoperationalin 1995-1996with coarsever-
tical resolutionin thelowerstratosphere(toplevelsat70,50,
30, and10 hPa). On 30 January1996,ECMWF switched
from optimal interpolationto 3D-Var, using preprocessed
NESDISradiancesandradiosondedata[Ritchieetal., 1995;
Courtieretal., 1998]. In 1999,a60-level versionwasintro-
duced,extendingto 0.1hPawith averticalspacingof 1.5km
between60 and5 hPa [Untch andSimmons, 1999],provid-
ing substantiallybetterstratosphericanalysesandforecasts.
Additionally, the 4D-Var assimilationsystem(in usesince
1997,Klinker et al. [2000]) now usesraw TOVS/Advanced
TOVS (ATOVS) radiances[McNally et al., 1999], leading
to additional improvement, especially in the lower strat-
osphere. In 1995-1996,the spectralmodel useda T213
truncation; by 1999-2000the spectralresolutionwas in-
creasedto T319, but a reducedGaussiangrid the sameas
thatfor a T213modelwasused.Spectraldatafor bothwin-
tershavebeentransformedto a2.5��� 2.5� latitude/longitude
grid. Dataareusedhereat 100,70, 50, 30, and10 hPa for
1995-1996and100,70, 50, 30, 20, 10, 7, 5, and3 hPa for
1999-2000.

2.1.6. NASA DataAssimilation OfficeData. TheDAO
analysesare performedwith the GoddardEarth Observa-
tion System,version 3 (GEOS-3)data set. The data set
is obtainedby the assimilationof ground-andspace-based
observations in a systembasedon the GEOS model, the

Physical-spaceStatisticalAnalysis Scheme(PSAS, Cohn
et al. [1998]) and the IncrementalAnalysis Update(IAU,
Bloom et al. [1996]) techniqueof combiningmodel fore-
cast and analysis. Aspectsof the GEOS-3data relevant
to the middle atmosphereare describedin more detail by
Pawsonet al. (submittedmanuscript).The analysesin the
lower stratosphereareimpactedmoststronglyby the inclu-
sionof radiosondeobservationsof wind andtemperatureand
by geopotentialthicknessesfrom NESDISretrievals. Anal-
ysesare producedfour times a day on a 1��� 1.25� lati-
tude/longitudegrid on 48 terrain-following levels, with a
verticalresolutionof about1.2km in thelowerstratosphere.
For the purposesof this studythe 12UT datawereinterpo-
latedto a 2��� 2.5� latitude/longitudegrid on standardmete-
orological levels, including 100, 70, 50, 40, 30, 20, 10, 7,
5, and3 hPa. In 1995-1996,DAO datawereproduced,us-
ing GEOS-1;thesedataarenotwidely usedin polarprocess
studies,soarenot includedin this comparison.

2.2. Diagnostics

While someof thedatasetsusedhereareavailableup to
four timesdaily, the diagnosticsshown herearedoneonce
daily at 12UT (exceptfor theFUB, which is availableonly
at 00UT), for comparability;Knudsenet al. [2001] andKeil
et al. [2001] notedthat differencesin time resolutionhave
a larger effect than spatial resolutionon calculatedtrajec-
tories. The REAN calculationshave beenmadeusingboth
the 12UT and daily averagedatasets,and differencesare
muchlessthanbetweendifferentanalysissystems.Analy-
sesof minimumtemperaturesandareasof low temperature
aredoneonthegridsnotedabove,wherethehigh-resolution
datasets(DAO, ECMWF) wereinterpolatedto grids com-
parableto otherdatasets.To plot verticalsections,theanal-
ysesarelinearly interpolatedin log-p to UARSpressurelev-
els.For gridpoint-by-gridpointtemperaturecomparisons,all
otheranalysesarebilinearly interpolatedto thecoarsestgrid,
5��� 5� , of the FUB data. PotentialVorticity (PV) is calcu-
latedfrom eachdatasetusingaversionof thealgorithmde-
scribedby Manney et al. [1996b], adaptedfrom Newman
etal. [1989].

Theareawith temperaturelessthantheformationthresh-
old for nitric acid trihydrate(NAT) PSCs(TNAT), ascalcu-
latedby Hansonand Mauersberger [1988], is shown here.
To obtain “standard”profiles for the calculation,we have
averaged UARS CryogenicLimb Array Etalon Spectrom-
eternitric acid andMicrowave Limb Sounderwatervapor
dataduring Decemberand January1991-1992and 1992-
1993. Using theseprofiles,the NAT thresholdat 50 hPa is
195.5K (HNO3 = 9.1ppbv, H2O = 5.0ppmv)andat30hPa
is 193.5K (HNO3 = 12.0ppbv, H2O = 5.5 ppmv). For cal-
culationson the465-K isentropicsurface,195K is usedas
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anapproximatevaluefor theNAT threshold.

Isentropictrajectorycalculationsat465K areusedto ob-
tain temperaturehistoriesfrom Met Office, NCEP, REAN,
ECMWF, andDAO analyses.Thetrajectorycodeis anisen-
tropic versionof thatdescribedby Manney et al. [1994a].It
usesonce-daily(12UT) horizontalwinds from eachanaly-
sis on the latitude/longitudegrids describedabove. While
isentropictrajectoriesarenot realisticfor 20-30-dayperiods
(thelengthof calculationsdonehere),thesecalculationspro-
vide quantitative comparisonsof very largenumbersof tra-
jectoriesin order to characterizedifferencesbetweenanal-
ysesandthe impactof differentmeteorologicalconditions;
they areneitherintendednor appropriatefor detailedpolar
processingstudies.

3. SynopticTemperature Comparisons

Examinationof monthlyaverageandminimumtempera-
tures,the numberof dayswith T � TNAT [e.g.,Manney and
Sabutis, 2000], and other diagnosticsin the lower strato-
sphereindicatethattherearenotabledifferencesbetweenthe
analysesevenin monthlymeans.In bothJanuaries,temper-
aturesremainedbelow 195 K for the entiremonth in sub-
stantialregions[e.g.,Naujokatand Pawson, 1996;Manney
andSabutis, 2000]; thesizeof theseregionsvariesbetween
analyses.Thefact thatsubstantialdifferencesarevisible in
monthlymeanssuggeststhepresenceof persistent,system-
aticdifferencesbetweenanalysistemperatures.

Plate1 shows time seriesof 50 hPa minimum temper-
aturesfrom November throughMarch in the two winters.
The evolution of minimum temperatures,asshown here,is
frequently usedin polar processing studiesto provide an
overview of thetimesfavoringPSCformation[e.g.,Manney
et al., 1994b;Bevilacquaet al., 2001]. While the lines for
variousanalysesfrequentlycannotbe easilydistinguished,
the envelopeindicatesdifferencesbetweenanalysesof up
to � 5 K, with many of the largestdifferencesoccurringat
low temperatures.Somesystematicdifferencesareappar-
ent: In December1999andJanuary2000, the Met Office
analysesareusuallycoldest,while the NCEPanalysesare
often warmest.In contrast,in 1995-1996,the REAN anal-
ysesareusually, andtheMet Office occasionally, warmest,
while theFUB andNCEParecoldestduringJanuary. Larger
differences,with similar apparentbiases,areseenat 30 hPa
(notshown), with theREAN datain 1995-1996standingout
asalmostalways1-2K warmerthantheMet Office,whichis
in turnusuallywarmerthantheECMWF, NCEP, andREAN.
Sincetheanalysesdiffer by up to 5 K, andsincetheseesti-
mateswould be expectedto vary further dependingon the
grid that is usedwhenfinding theminimumvalues,conclu-
sionsregarding minimum temperaturesdrawn solely from

oneof thesemeteorologicalanalysesmay be uncertainby
well over5 K.

Comparingthecurvesfor 1999-2000with thosefor 1995-
1996emphasizeshow similar thesetwo winterswerewhen
judgedsolelyby theminimumtemperatureevolution: Both
show very low temperaturesin January, an increasein late
January, lower temperaturesagain in February, anda final
warmingbeginningin mid-March.While January2000was
slightly colderthanJanuary1996,February1996wascolder
thanFebruary2000.

Similar patternsof differencesbetweenanalysescanbe
seenin Plate 2, the areawith T � TNAT (referredto here-
inafterasANAT). Overallvariationsin ANAT werecommonly
� 25%,andoccasionallyover 50%(e.g.,at 30 hPa in Janu-
ary 1996),during the cold periods,with from 7 to 17 days
differencebetweenanalysesin time spentat T � TNAT. Con-
sistentwith the higher minimum temperatures,the REAN
standsoutat30hPawith smallestANAT andfewestdayswith
T � TNAT. While ECMWF showed relatively large ANAT at
30 hPa in lateDecember1995andJanuary1996,it showed
substantiallysmallerANAT at50hPathantheotheranalyses;
this differencebetweenlevelswasabsentin the 1999-2000
ECMWFdataandwasreducedin FebruaryandMarch1996,
probablyasaresultof improvementsin theassimilation sys-
tem(section2.1.5).TheMet Officeanalyseshadamongthe
largestANAT in 1999-2000,andtheNCEPamongthesmall-
est,while theoppositewastruein 1995-1996.ANAT in Janu-
arywascomparablebetweenthetwo years,but abit largerin
2000;ANAT in Februarywaslarger(in bothareaandvertical
extent)in 1996thanin 2000.

Plate 3 shows a comprehensive pressure-timeview of
ANAT (calculatedasa function of pressure,nitric acid,and
water vapor, asdescribedin section2.2). The Met Office
analysisin 1999-2000showsstrikingly largerANAT thanany
otheranalysisin NovemberthroughJanuary. Thevery large
areaof low temperaturesextendinginto the middle strato-
spherein the1999-2000Met Office datalikely resultsfrom
the erroneoustop-level ozonedatain useat this time (sec-
tion 2.1.1). The NCEPanalysesshow muchsmallerANAT

than the other analysesfrom December1999 throughFe-
bruary2000. In contrast,in 1996theNCEPanalyses show
overall larger ANAT, and the REAN smaller, althoughdif-
ferencesbetweenall analysesarelarger in 1995-1996than
in 1999-2000.From the areasshown here,the Met Office,
REAN, and ECMWF (as well as FUB at 30 and 50 hPa,
Plate2) analysessuggestthat conditionsweremore favor-
ablefor PSCformationin thelowerstratospherein January-
February2000thanin January-February1996,but theNCEP
analysessuggesttheopposite.

Turning to a more generalcomparisonof high-latitude
temperatures,Figure1 shows,at50hPa for JanuaryandFe-
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Figure 1. Scatterplots of the differencebetweentemperaturesfrom eachanalysisand the ensemblemeantemperature
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bruary, thedifferencebetweeneachof theanalysistempera-
turesandtheensemblemean(theaveragetemperatureover
all analysesat eachgridpoint) in the region north of 60� N,
versustheensemblemean.As describedin section2.2,these
comparisonsweremadeona5��� 5� grid. Table1 shows the
averagedifferencesbetweentheensemblemeanandeachof
the analysesfor NovemberthroughMarch in the two win-
ters. As seendramaticallyin Figure 1, by far the largest
scatteraroundtheaveragedifferenceis in theFUB analyses.
TheFUB analysesarecloselymatchedto radiosondeobser-
vationsandconsequentlymaycapturelocalvariationsin the
vicinity of theradiosondestationsthataresmoothedover in
theothersystemsthatalsogiveweightto low verticalresolu-
tion satellitedata[e.g.,Pawsonet al., 1999];however, away
from the radiosondelocationsthey are more poorly con-
strainedthanthe otheranalyses,andmay missor severely
smoothtemperaturevariationsthat occurbetweenobserva-
tion locations.At temperaturesabove � 210-215K theFUB
temperatureshave a large warm bias comparedto all the
otheranalyses.Theoppositeis generallytrueat lower tem-
peratures;that is, theFUB datatendto becolderthanaver-
ageandtheNCEP, REAN, andECMWF warmer. TheMet
Officedataareusuallyneartheensemblemeanbutalsoshow
a slight warmbiasat low temperaturesin January1996and
a comparablecold bias in January2000. The cold bias in
theMet Officedataat lowesttemperaturesin February1996
comesfrom two or threevery cold days(including 20 Fe-
bruary)whena stronguppertroposphericridge resultedin
a largecold region nearthevortex edgein the lower strato-
sphere[e.g.,Manney et al., 1996a];on thesedays,the Met
Officeanalysesproducedlower temperaturesthanany of the
others.

Table1 shows that thereis considerablevariationin the
overall high-latitudetemperaturebiasesduringthetwo win-
ters.Of particularnoteis theoverall cold biasin Met Office
analysesthroughout1999-2000,contrastedwith awarmbias
in November1995throughJanuary1996. This may be re-
latedto theincorrecttop-levelozonedatausedin 1999-2000.
In bothyearstheFUB shows largecold biasesin November
andDecember, smallercoldbiasesin January, andwarmbi-
asesin FebruaryandMarch. NCEP, REAN, ECMWF, and
DAO all show modestwarm biasesin Novemberthrough
January. Root-mean-squaredifferencesbetweenanaly-
sesandtheaverage(not shown) indicatethatFUB analyses
show larger scatterthan the other analysesthroughoutthe
winter. Met Office, NCEP, REAN, andECMWF analyses
typically show largerscatterin FebruaryandMarchthanin
earliermonths.

4. Trajectory Histories

Temperaturehistoriesalongtrajectoriesareusedto exam-
ine morecloselyhow themeteorologicaldatasetusedmay
affect calculationscommonto polarprocessingstudies.

To examine temperaturehistoriesat high latitudesand
in the vortex, 30-dayback trajectorieson the 465-K isen-
tropic surfacewere run for parcelsinitialized from 40� to
90� N on anequalareagrid with 0.5��� 0.5� equatorialspac-
ing ( � 50 km spacing, � 30,000parcels);parcelpositions
were saved every 3 hours. Theseruns were initialized on
30 Januaryand10 March 1996and2000. From these,we
constructedmapsof the total numberof days air was at
T � 195 K (Plate4). This diagnosticis relevant to chlorine
activation, in that the total time air parcelsspendin PSCs
stronglyinfluencestheamountof chlorineactivation.In Jan-
uary2000,eachof theanalysesshows parcelsremainingat
T � 195K for theentire30-dayperiod;however, thenumber
andspatialdistributionof theparcelsthatdosovaryconsid-
erablybetweentheanalyses.Themaximumtotal timespent
at T � 195K is 14-16,17-20,and10-12daysfor theFebru-
ary/March2000, January1996, and February/March1996
cases, respectively. As will beseenbelow, temperaturesin
1999-2000were usually nearly concentricwith the vortex
[e.g., Manney and Sabutis, 2000], while in 1995-1996the
cold region wasfrequentlynearthevortex edge[e.g.,Man-
ney et al., 1996a]. Temperatureswerecomparablein Janu-
ary 2000,January1996,andFebruary/March1996. In Jan-
uary 2000,however, the parcelsspenta longer time being
advectedwithin the cold region, ratherthanmoving in and
outof it asthey did in 1996.Lessvariability in thevortex and
low temperatureregion, anda strongercorrelationbetween
thoseregions,in January2000thanin theotherperiodscan
alsobeseenin thepositionof theoverlaidtemperaturecon-
tours,which areaveragedover thedurationof thetrajectory
runs.

Comparedto theotheranalyses, theNCEPplot in Janu-
ary 2000shows higheraveragetemperaturesandthevortex
lesscompletelyfilled with parcelsthat remainedcold for a
long time. The Met Office and, to a somewhat lesserex-
tent, the ECMWF analysesshow moreof the vortex filled
with air that spentthe entiremonthat low temperature.In
eachof theotherthreeperiods,theREAN calculationsshow
the shortesttimes at low temperatureand highestaverage
temperatures.In 1996,the NCEPresultsshow the longest
timeandlargestareaof parcelsat low temperature(although
ECMWFvaluesarenearlyaslarge,andECMWFshows the
lowestaveragetemperatures).Many of the analysesshow
materieldrawn off thevortex thathasspentsignificanttime
at low temperature.In March 2000, ECMWF trajectories
show considerablymoreprocessedair in thelargefragment
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Plate 4. Maps of total time spentat temperaturesbelow 195 K in the 30 days prior to (left) 30 Januaryand (right)
10 March 2000 and 1996, from 465-K back trajectorycalculationsfrom 40� N to the pole (seetext) for (top to bottom)
Met Office, NCEP, REAN, ECMWF, andDAO (2000only) trajectories.Note that the color scaleextendsto 30 daysfor
30 January2000,15 daysfor 10 March2000and30 January1996,and10 daysfor 10 March1996.Overlaidwhite contours
show averagetemperaturesover the30 daysof the runs;contourvaluesare200,195,and190K (outermostto innermost).
Themapprojectionis orthographic,with 0� longitudeat thebottomand90� E to theright. Thedomainis from 40� N to the
pole,with a thin dashedline at60� N.
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Table1. Average60� –90� N 50 hPa temperaturedifferences

Analysis Month
Nov Dec Jan Feb Mar

1999-2000

Met Office -0.08 -0.06 -0.59 -0.32 -0.50
NCEP 0.94 1.07 0.71 -0.29 -0.15
REAN 0.26 0.34 0.15 -0.29 -0.42
FUB -3.10 -2.76 -0.72 1.94 1.65
ECMWF 0.67 0.70 0.37 -1.01 -1.07
DAO 1.34 0.70 0.22 -0.03 0.16

1995-1996

Met Office 0.43 0.72 0.41 -0.04 -0.50
NCEP 0.15 0.24 -0.44 -0.82 -1.08
REAN 0.66 0.74 0.46 0.18 -0.41
FUB -2.17 -3.09 -0.93 1.23 3.13
ECMWF 0.94 1.39 0.49 -0.76 -1.42

beingpulledoff thevortex southof Alaska;bothNCEPand
ECMWFshow moreprocessedair thantheotheranalysesin
the tonguebeingpulledoff thevortex in March1996. This
behavior mayhaveimplicationsfor themixing of chemically
processedair into midlatitudes[e.g., Norton and Chipper-
field, 1995].

To examinein moredetail the history of parcelsat low
temperature,trajectoryrunsat 465 K were initialized with
parcelson an equalareagrid with 0.25� � 0.25� equatorial
spacingwithin the areawith T � 195 K on the initializa-
tion day; theseruns used � 1800-18,000parcels,depend-
ing on the initialization day and the analysis. Theseruns
were initialized on 10 Januaryand 20 February1996 and
2000; 20-daytrajectorieswererun both backward andfor-
ward,andtheparcelpositionsweresaved everyhour. Plate5
shows temperatures,alongwith an indicationof the extent
andstrengthof thepolarvortex, on two of the initialization
days,10 January2000and20 February1996. Besidessub-
stantialdifferencesin the size of the cold region between
analyses(to bequantifiedby thenumberof parcelsin each
run), the differencein the relative locationsof the cold re-
gionswith respectto thevortex in 2000versus1996is seen
clearly here; as mentionedpreviously, during most of the
1999-2000winter thecoldregionwascenteredin thevortex,
while in 1995-1996,it wascommonlynearthevortex edge.

TheNCEPdatashow a muchsmallerareaof low tempera-
turesonbothinitializationdaysin 2000thantheotheranaly-
ses;theREAN datashow asubstantiallysmallercoldareain
February1996thantheotheranalyses. TheECMWF anal-
yseson 10 January1996(not shown) have a muchsmaller
areaof low temperaturesthantheotheranalysesfor thisdate.

Plate6 summarizestheaveragetemperaturehistoryof the
air parcelsin eachof the four periods. Often, differences
of a few K betweenaveragetemperaturehistoriesfrom dif-
ferentanalysescould affect the amount,type and/orextent
of PSC formation, e.g., on 29 December1999, 5 Febru-
ary 2000,2 January1996,and14 February1996.Thelarge
scatteraboutthe average(the onestandarddeviation enve-
lopeof � 10-20K) indicateslargevariationsin the temper-
aturehistoriesof differentparcelsall initialized within the
cold region on a given day. This scatteris smallerduring
JanuaryandearlyFebruary2000,whenthecold region was
nearlyconcentricwith the vortex. The impactof different
meteorologicalconditionsduringcomparablycoldperiodsis
immediatelyapparentin comparingJanuary2000with both
JanuaryandFebruary1996;while mostof theair remained
cold for long periods(tensof daysin somecases) in Janu-
ary 2000, the initially cold air in both JanuaryandFebru-
ary1996movedrapidly in andoutof thecoldregion. Lower
Met Office temperaturesin January2000combinedwith a
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Plate 5. 465 K temperaturemapson 10 January2000and
20 February1996,from analysesusedfor trajectorycalcu-
lations(Met Office, NCEP, REAN, ECMWF, andDAO for
2000).Overlaidwhite contoursarePV on thesamedaysin
the vicinity of the vortex edge. The mapprojectionis or-
thographic,with 0� longitudeat thebottomand90� E to the
right. Thedomainis from equatorto pole,with thin dashed
linesat30� and60� N. Theblueregionshowstheareabelow
195K in which trajectoryrunswereinitialized (seetext).

cold region that wasconcentricwith the vortex resultedin
a Met Office averagethatwascontinuouslybelow theNAT
PSCthresholdfor muchlongerthantheotheranalyses.

Thediscrepanciesbetweenanalysesseenin Plates4 and
6 result from differencesin both winds and temperatures.
Plate6 showsthattheminimaandmaximaareoftenconcur-
rentin all analysesbut of differentamplitudes.Thissuggests
parceltrajectoriesthat aresimilar, but passthroughdiffer-
enttemperatureextrema.Somequalitative differences(e.g.,
earlyMarch1996,lateDecember1995)suggestdifferences
in the morphologyof wind and/ortemperaturefields. In a
furtherattemptto diagnosewhetherdifferencesin windsor
temperaturesmay be dominant,temperaturehistorieslike
thosein Plate4 were calculatedusing temperaturesfrom
eachof the analyseswith the Met Office trajectoriesand,
conversely, trajectoriesfrom eachanalysiswith theMet Of-
fice temperatures(not shown). While both hadsignificant
effects, in mostcases, usingMet Office temperatureswith
individual trajectoriesproducedtemperaturehistorieswith
closer agreement(suggestingthat temperaturedifferences
betweentheanalyseshada greaterimpact). Exceptionsare
for theREAN andDAO analysesin January2000,for which
runswith Met Office trajectoriesproducedcloseragreement
(suggestingdifferencesin the trajectorieshada greaterim-
pact). Thusthereis somevariationin which effect is dom-
inant,althoughdifferencesin temperaturemostoften seem
to playa largerrole.

To look morequantitatively at thedifferencesin temper-
aturehistories,Figures2–5show histogramsfor eachof the
four casesinitialized in thecold regionsof thetotal time the
parcelswereat T � 195K (referredto hereinafterasTT195)
during the40-dayperiodcoveredby the runs,andthe time
they werecontinuouslyatT � 195K beforeandaftertheini-
tialization day (referredto hereinafterasCT195). The for-
merdiagnostic(TT195)is relatedto thetotalamountof pro-
cessingonPSCsandhenceto chlorineactivation.Thelatter
diagnostic(CT195)is moredirectly relevant to PSCforma-
tion anddenitrificationsincethecontinuoustimeat low tem-
peratureaffects the compositionandsizeof PSCparticles,
andhencethe rateat which they sediment.A quantitylike
CT195hasbeenusedto estimatepotentialPSC“lifetimes”;
for example,Tabazadehet al. [2000,2001]did similar cal-
culationsduringcoldperiodsin severalArctic winters,using
40 parcelsin eachcold region andcombiningthe statistics
for many days. The four cases shown herearesufficient to
examinethe dependenceof the resultson the analysisand
on a variety of meteorologicalconditions. The numberof
parcelsusedto constructthe histogramsis proportionalto
theareaof thecold regionon theinitialization day.

In general,thedistributionsof bothTT195andCT195are
broadandmulti-peaked.Substantialdifferencesareseenbe-
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Figure 2. Histogramsof (left) the total numberof daysspentat T � 195 K and(right) the numberof dayssurroundingthe
initialization time continuouslyat T � 195K for trajectoryrunsinitialized in thecold region on 10 January2000.Thick solid
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of theparcelsobtainedby retainingevery16thparcelin bothlatitudeandlongitude.Thearrowsshow theaveragenumberof
days;numberof parcelsusedandaveragenumberof daysaregivenin thelabels.
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tweenanalysesin boththeaveragesandthelocationof peaks
in thedistributions.In January2000(Figure2), bothTT195
andCT195distributionsfrom all analyseshavebroadlysim-
ilar shapes.The NCEPTT195 distribution is lessstrongly
peaked; the Met Office, REAN, andDAO TT195 distribu-
tionsshow astrongpeaknear28-35,27-33,and24-30days,
respectively, while theECMWF distribution showsmultiple
peaksat 13-17,22-25and30-32days. The CT195distri-
butionsfrom eachof theanalyseshavepeaksnear1-2 days,
4-6 days,and11-14days,with � 65-70%of the parcelsin
the 4-9 and11-16day bins. About 11-18%of the parcels
staycoldcontinuouslyfor 0-3days,andall distributionsalso
show asmallbut significantpeakin CT195( � 4%for NCEP,
� 6%for ECMWF, � 9-11%for others)near19-24days.Al-
thoughotherscenariosmayproducethesameresult,amulti-
peaked distribution of expectedPSClifetimes is consistent
with thepresenceof bothsmall(liquid and/orsolid)particles
thatform quickly andvery largeparticlesthattake longerto
grow but would sedimentquickly onceformed, similar to
behavior seenin aircraftobservations[Fahey et al., 2001].

In February2000(Figure 3), Met Office, NCEP, REAN,
and ECMWF TT195 distributions have double peaksat
timesvaryingby � 2-5daysbetweenanalyses;theDAO dis-
tribution hasa very different shape. The CT195 distribu-
tionsfor February2000all show substantialqualitative dif-
ferences.In January1996(Figure4), theTT195andCT195
distributions from Met Office, NCEP, andREAN analyses
are broadly similar: The CT195 distributions have peaks
near2 and3 days,with � 25-30%of the parcelsin bins at
lessthan2 days,and � 15-30%in bins from 2-3 days.The
ECMWFdistributionsfor thisperiod(beforethechangeto a
3D-Var assimilation,section2.1.5)arequitedifferent,with
the CT195 peaksmore closely clusteredaround2.5 days,
and � 30% ( � 45%) of the parcelsat � 2 days(2-3 days).
Each of the TT195 distributions in February1996 (Fig-
ure5) hasa differentcharacter. TheNCEP, Met Office,and
ECMWF CT195distributionsin February1996arebroadly
similar ( � 55%of parcelsat2-3 days),while theREAN dis-
tribution shows strongestpeaksat shorterlifetimes ( � 60%
of parcelsat1-2 days).

The conditions in January2000 representa situation
wheretheparcels’historiesarelessdependenton thedetails
of thewind andtemperaturefields,soamoreconsistentpic-
ture is seenbetweenthe differentanalyses. Situationslike
the otherperiodsstudied(with higher temperaturesand/or
low temperatureslessconcentricwith the vortex) aremore
commonin Arctic winter[e.g.,PawsonandNaujokat, 1999],
soonemayexpect trajectory-basedtemperaturehistoriesin
generalto dependverystronglyon whichanalysisis chosen
for thecalculations.In the1996cases,eventheaveragesfor
TT195differ by nearly6 daysbetweenthelongestandshort-

esttime. PSClifetimesof oneto a few days(asin CT195in
February2000andin 1996)arein therangewheresuchpro-
cessesasphasechangesin PSCsmayoccur[e.g.,Tabazadeh
et al., 1996,2001;Fahey et al., 2001],soevensmalldiffer-
encescanbeverysignificant.

To testthesamplesizeneededto accuratelyrepresentthe
distributions,subsamplesof varioussizesweremade.Fig-
ures2–5alsoshow thedistributionsobtainedby reducingthe
numberof parcelsby afactorof 256.Theimpactof retaining
too few parcelsis clearin February2000(Figure 3), when
thereductionsresultedin fewer than25 parcelsused;some
of thestrongestpeaksduringthisperiodareat locationssub-
stantiallydifferentfrom thosein thefull distribution. While
retaining40-80parcelsgivesa reasonabledistribution, us-
ing morethan100parcelsin any of thesecasesgave a dis-
tribution very similar in characterto thatobtainedusingthe
completesetof parcels.

The hugeimpactof the different meteorologicalcondi-
tions in 1996and2000is reflectedin averages andpeaksat
much shortertimes in TT195 and CT195 distributions for
1996thanfor January2000,even thoughthe temperatures
werecomparableto thosein January2000.Average“poten-
tial PSClifetimes” (CT195)in January2000were9-10days,
whereasin eachof theothertime periods,they were1.6-4.0
days,with nearlyall parcelshaving expected lifetimes less
than7.5 days.Theseaverages, however, frequentlylie near
minima in the distributions,andthusarenot representative
of commonlifetimes. The distributionsfor February2000
show moreparcelswith lifetimesover � 3 days( � 20-40%)
thanin February1996( � 0-7%),eventhoughFebruary2000
was much warmer; short lifetimes in 1996 are consistent
with the locationof low temperaturesnearthevortex edge,
andthe behavior shown in Plate6. The prevalenceof very
longlifetimesin 1999-2000mayhaveledto phenomenathat
arequite uncommonin the Arctic winter: large solid PSC
particles[e.g., Fahey et al., 2001], widespreaddenitrifica-
tion [e.g.,Santeeetal., 2000;Poppetal., 2001,andothers],
andlargeozonelosses[Santeeetal., 2000;Sinnhuberetal.,
2000; Richard et al., 2001; Gao et al., 2001,and others].
Neitherwidespreaddenitrificationnor asmuchozoneloss
atsomelevelsasin 1999-2000wereseenin thecomparably
cold1995-1996winter[e.g.,Santeeetal., 1996,2000,2001;
Manney et al., 1996a].

5. Discussionand Conclusions

We have comparedtemperaturesfrom the Met Office,
NCEP, REAN, FUB, ECMWF, and DAO (for 1999-2000)
analysesin the 1999-2000and 1995-1996Arctic winters.
Temperaturehistoriesfrom trajectorycalculationswerecom-
paredfor all except theFUB analyses. Thetwo winterscho-
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senfor studywerethecoldestrecentwinters,andamongthe
most frequentlyusedin Arctic polar processstudies. Al-
thoughthey werecomparablycold in JanuaryandFebruary,
themeteorologicalsituationswereotherwisevery different,
with thecold region typically centeredin thevortex during
1999-2000andnearthevortex edgein 1995-1996.

Minimum lowerstratospherictemperaturestypically vary
by up to � 5 K betweenthe analyses. Areasof low tem-
peratureusually vary up to � 25% betweenanalysesdur-
ing cold periods,with occasionalvariationsof over 50%.
Thereareseveral periodsduringwhich oneor two analyses
standout assignificantlydifferent. In DecemberandJanu-
ary 2000,Met Office temperaturesweresubstantiallylower
than thoseof eachof the other analyses;during the same
period,NCEPtemperaturesweretypically highest. In con-
trast, in 1995-1996,Met Office temperatureswere among
thehighest,andNCEPtemperaturesamongthelowest.Jan-
uary2000wouldbethoughtto bewarmerthanJanuary1996
if looking at NCEPdata,but theoppositeconclusionwould
be drawn by looking at Met Office, REAN, ECMWF, or
FUB. In 1995-1996,beforesubstantialimprovementsin the
ECMWF analysissystemand lower stratosphericvertical
resolution,ECMWF temperatureswereamongthewarmest
at 50 hPa but amongthe coldestat 30 hPa; in 1999-2000,
ECMWFtemperaturesagreedmuchbetterwith otheranaly-
ses.LargestdiscrepanciesbetweenECMWFandotheranal-
yseswerein late1995andin January1996,beforetheswitch
to a3D-Varassimilationsystem.

Differencesbetweentemperatureanalysesweregenerally
larger in 1995-1996than in 1999-2000;sinceonly one of
theanalyses(ECMWF) underwentvery substantialchanges
betweenthesetwo years,this is likely to be relatedin part
to the differentmeteorologicalconditionsin the two years.
In the morevariablesituationin 1995-1996,with very low
temperaturesoftennearthevortex edge,whetherananalysis
capturedparticularlocal featuresmaydependmorestrongly
onthehorizontalandverticalresolutionandonthedetailsof
how thedataareingestedinto theanalysissystem.

Several of the analyses(REAN, andoften NCEP, DAO,
andECMWF) typically have a warm biasat low tempera-
tureswith respectto the averagefor all analyses.A simi-
lar bias is seenin the Met Office analysesin Januaryand
March 1996, but a cold bias at the lowest temperaturesis
seenin 1999-2000andin February1996.TheFUB datausu-
ally show theopposite,beinggenerallycolderthantheother
analysesat T �� 205 K. At higher temperatures,FUB data
are generallywarmer, and NCEP, REAN, and frequently
Met Office, colder, thantheaverage.Theamountof scatter
seenbetweentheFUB temperaturesandtheaverageis much
largerthanin any of theotheranalyses. As subjectiveanaly-
sesbasedalmostentirelyon radiosondes,theFUB analyses

closelyfollow extremain radiosondedataneartheobserva-
tion locations,but aremorepoorlyconstrainedthantheother
analysesaway from theselocations.Theclosematchto ra-
diosondedataat theobservation locationsmayalsoexplain
therelative cold biasof theFUB at low temperatures,since
someof theotherproductstypically have a warmbiaswith
respectto sondesat low temperatures[e.g.,Knudsen, 1996;
Manney et al., 1996b;PullenandJones, 1997].

Temperaturehistoriesfrom trajectorycalculationsusing
theMet Office,NCEP, REAN, ECMWF, andDAO analyses
show how differencesbetweenanalysesmay impact polar
processingstudies. In thesediagnostics,the effect of dif-
ferent meteorologicalconditions(not merely temperature)
on the comparisonbetweenanalysesbecomeseven more
pronounced.Substantialandpersistentdifferencesbetween
the analyzedtemperaturesin January2000weredescribed
above, of similar magnitudeto thosein otherperiodsstud-
ied. However, thedifferencesbetweentemperaturehistories
for January2000 are considerablysmallerthan for any of
theotherperiods.This periodwasonly slightly colderthan
the JanuaryandFebruary1996periodsstudied;moresig-
nificant thanthelargeregion of low temperaturesis thefact
that the cold region wasapproximatelycenteredwithin the
vortex, sothatmany of theparcelsin theinitially coldregion
weresimply advected within that region. In January2000,
althoughtemperaturedifferencesled to variationsbetween
analysesin thedetailsof locationsthatspentthemosttime
at low temperatures,thedistributionsof “potentialPSClife-
times” and total time spentat T � TNAT were qualitatively
similar for eachof themeteorologicalanalyses.In theother
casesexaminedhere,theanalysesshowedqualitatively dif-
ferentdistributionsof bothpotentialPSClifetimesandtotal
time spentat low temperature;the maximumdifferencein
theaveragetotal time atT � 195K wasalmost6 days.

Estimatesof potential PSC lifetimes for January2000
show peaksnear1-2 days,4-6 days,11-14days,and19-24
days(with thoseat 4-6 daysand11-14daysaccountingfor
morethanhalf theparcels).Averagelifetimesare9-10days
and locatedin a deepminimum in the distributions. Each
of theotherperiodsstudied(February2000andJanuaryand
February1996)hadaveragelifetimesfrom 1.6-4days,with
peaksat different times in different analyses.The Febru-
ary 2000lifetimeswereshortbecauseit wasnot very cold;
the1996lifetimeswereshortbecauseparcelspassedrapidly
into andout of a largecold region. Althoughthefour cases
shown heremaynot representthemostpersistentlycoldpe-
riods in eachwinter, andthusmaynot comparethe longest
lifetimesin eachyear, thegeneralpatternof differencesbe-
tween1996and2000 is persistentthroughoutthe winters.
Thesefour casesspanavarietyof themeteorologicalcondi-
tionsencounteredin theArctic winter. For acomprehensive
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survey onewould want to do calculationsfor many periods
[e.g.,Tabazadehet al., 2000]; this is feasiblebecauseonly
� 40-80parcelsin thecold region areneededto capturethe
main featuresof thedistributions. However, it is important
to keepin mind that an averagelifetime from suchcalcu-
lationsprovideslittle informationaboutthe typically broad
andmulti-peakeddistributions.In addition,calculationsrun
alonga smallernumberof trajectories,suchasthosedone
by Tabazadehet al. [2001] for 20 parcels,may not capture
all theimportantfeaturesof thetemperaturehistory.

Potentially long PSC lifetimes in January2000, com-
paredto thosein the comparablycold 1995-1996winter,
areconsistentwith reportsof widespreaddenitrificationin
1999-2000but not in 1995-1996[e.g.,Santeeet al., 2000].
Long continuouscold periodswould spurthe formationof
large particlesthat quickly sediment,asreportedby Fahey
et al. [2001]. The effect of the contrastingmeteorological
situationsin 1999-2000and1995-1996on chlorineactiva-
tion and ozoneloss is much more complicated,as the lo-
cationof thecold region on thevortex edgein 1996would
be expectedto favor the distribution of activatedchlorine
throughoutthe vortex, and the asymmetryof the vortex
would alsotendto positionit soasto receivemoresunlight,
thusfacilitatinggreaterozoneloss[e.g.Waters et al., 1993;
Manney etal., 1997;Santeeetal., 1997].Ontheotherhand,
somestudiesindicatethatdenitrificationmayenhanceozone
loss[e.g.,Rexetal., 1997;Tabazadehetal., 2000;Gaoetal.,
2001].Thusit is not immediatelyobviouswhich setof con-
ditionsmight leadto greaterozoneloss,althoughsomeob-
servationalstudiesindicategreaterlossesatcertainaltitudes
in 1999-2000[e.g.,Santeeetal., 2000].Many detailedmod-
elingstudiesarebeingdone[e.g.,Daviesetal., 2001;Drdla
etal., 2001;Drdla andSchoeberl, 2001;Grooßetal., 2001]
in anattemptto addresstheseissues.In theperformanceof
suchstudies,all of whichdependonone(or more)of theme-
teorologicalanalysesdiscussedhere,it is importantto keep
in mind that substantialquantitative andqualitative differ-
encesmayarisefrom thechoiceof meteorologicalanalysis
productsused.
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